Abstract-We present a new technique for data transmission by wireless. We show how a circular array can have each of its major radiating modes orthogonally encoded with data. These data-impressed radiating modes are concurrently excited, and then spatially combined, in order to give a structured far-field radiation pattern. Also discussed is how a receiver can recover these orthogonal data streams. A proof of principle multimode circular array (MMCA) is designed, simulated, and tested at 900 MHz.
I. INTRODUCTION
C IRCULAR antenna arrays have been used for many years in angle-of-arrival applications [1] - [7] . The main advantage of circular arrays is their far-field radiation pattern symmetry, which, unlike in linear arrays, can be exploited to scan a beam through 360 • without variation in gain and pattern shape. The purpose of this paper is to demonstrate how a multimode circular array (MMCA) can be used for transmitting parallel data by encoding, then combining the orthogonal radiating modes. The approach suggests an additional degree of freedom, which augments existing techniques for physicallayer secured wireless data transmission (see [8] ).
The theoretical and simulation aspects of the architecture of an MMCA are discussed in Section II along with their envelope correlation coefficients (ECCs). The effective bandwidth definitions particular to MMCA usage proposed in this paper and theoretical ripple factor are discussed in Section III. Spatial data encoding with Walsh codes and demodulation of the sampled patterns in the presence of additive white Gaussian noise (AWGN) are discussed in Section IV, whereas the simulated results based on real active array patterns are presented in Section V. In Section VI, we present the simulated bit error rate (BER) results, and finally, Section VII concludes this paper. 
II. MULTIMODE CIRCULAR ARRAY
The classical architecture of the circular array transmitter [1] is shown in Fig. 1 , which shows a circular dipole array backed with a quarter-wavelength spaced metal reflector. Classically, a Butler matrix (BM) [9] is used to generate the required phase mode excitation vectors. Fixed and variable phase shifters energized by a single source are employed for mode alignment and beam rotation, respectively as discussed in [4] - [7] .
The operation principle of an MMCA can be understood by considering the arrays current distribution [1] - [3] . When this distribution is expanded as a Fourier series, each term represents a current mode. The radiation pattern of each mode has the same form as the current mode itself, and these modes are themselves the Fourier components of the radiation pattern of the original distribution.
Consequently, the horizontal far-field directional pattern F(φ) can be mathematically expressed as a complex Fourier series that is a function of both amplitude and phase as follows:
C m e j mφ (1) where (2) φ represents the azimuth angle and m represents the mode number Each of these modes in (2) can be excited independently, e.g., by using a BM [9] .
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See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. If B K e jβ k is the current applied to the K th input port of an N × N BM, the resultant A J e j ψ J on the J th radiating element in an array of N elements is given by
When many inputs are simultaneously excited, the output current distribution is the summation over K for N element array. The far-field radiation pattern, assuming the approximate pattern of dipole D(φ) as (1 + cos φ) is given by
where λ is the wavelength of operation, β is the wavenumber, and R is the radius of the circular array.α J is the element angular location (with N equally spaced elements at α J = J (2π/N) when J = 1, 2, . . . , N). Referring to the circular array center, the relative phase of the J th element in this case would be (2π R/λ) cos(φ − α J ).
In the work we present here, a new development is reported. Here, we encode each of the principle MMCA modes with orthogonal Walsh binary phase-shift key (BPSK)-modulated data in order to form a data word that is spatially decoded onto the far-field pattern of MMCA. In doing so, we create an azimuthally structured radiation pattern that is uniquely defined by the characteristic shape of the far-field radiating pattern that results from mode summation and imprinted data word. Fig. 2 shows the prototype MMCA as experimentally characterized. Each of the 16 radiating elements of the MMCA is designed to operate at 0.9 GHz. The MMCA consists of 16 half-wavelength dipole antennas each fed by a quarterwavelength balun and arranged around a circle of diameter 848 mm. The metallic cylinder diameter is 680 mm, height 300 mm, and thickness 2 mm. The dipoles are separated from the metallic cylinder by a distance of 83 mm, which is approximately one-quarter wavelength at the array operating frequency, and the dipoles are uniformly separated by 22.5 • .
The resulting mode amplitude patterns for the first eight modes of the structure are shown in Fig. 3 . It is noted that not all the modes radiate with equal strength, and that the variation of the phases of modes from 0 to 6 is within ±1.6 dB. The modes exhibit linear phase response ( ≤ ± 1.06) up to modes ±4 [see Table I (b)]. Hence, in the rest of this paper, only modes up to ±4 are used for encoding. Following [7] , these modes are aligned to a common phase reference of 0 • at an azimuth angle of 0 • using the fixed phase shifters shown in Fig. 1 .
Next, we check the orthogonality between the far-field patterns associated with the modes, which is a necessary requirement for minimizing spatial cross coupling between imprinted data streams. This is done by computing the ECC represented by ρ e [10] of each of the MMCA modes. The 3-D far-field patterns for each of the modes from the simulation are recorded over the frequency band from 0.4 to 1.6 GHz. ρ e = 1.0 means patterns fully correlated and ρ e = 0 implies patterns are uncorrelated, i.e., orthogonal to each other. The maximum ρ e in the frequency band over all modes up to ±4 is plotted, as shown in Fig. 4 . These results suggest that 22% correlation bandwidth should be achievable for ρ e ≤ 0.02 and 13% for ρ e ≤ 0.01.
III. BANDWIDTH ANALYSIS OF MMCA
To access the bandwidth performance of the 16-element MMCA, several parameters are considered: the ECC bandwidth (Section III-A), the impedance bandwidth (Section III-B), the peak-to-peak variation of amplitude and root-mean-square (rms) phase deviation of modes over frequency (Section III-C), the total radiated power (TRP) of modes over frequency (Section III-D), and theoretical ripple factor as a function of mode number (Section III-E).
A. ECC Bandwidth
In Fig. 5 , it can be seen that the mode ECC exhibits a faster rise in its value as frequencies are reduced below the center operating frequency of the array and raised gradually for frequencies above the center frequency. This is illustrated in Fig. 4 , which indicates that as the operating frequency is reduced, the mode patterns become more similar in structure, and therefore, ECC increases. When the frequency increases, more modes exist, and therefore, ECC remains low due to richer spatial diversity. 
B. Impedance Bandwidth
The return loss of the radiating elements of the array varies with mode excitation number. As higher order modes are excited, ripple is introduced into the dipole input impedance response. For example, Fig. 6 shows the reflection coefficient of dipole 1 (with the other dipoles terminated) for the first five modes excited on the array. As can be seen, ripple in the reflection coefficient increases with mode number. The higher order modes (above mode 4) are subjected to more variation and are generally worse at the higher frequency end than at the lower frequency. These results show that modes up to four can be used for transmission over a band from 0.86 to 1.2 GHz since return loss is less than 10 dB.
C. Peak-to-Peak Variation of Amplitude and RMS Phase Deviation of Modes Over Frequency
For modes 0 through 4, we examine their maximum ripple and rms phase variation. Phase variation is defined as rms variation of phase about a linear fit of the unwrapped phase plot as a function of azimuth angle. The amplitude ripple computed over azimuth angle 0 • -360 • for different frequencies is given in Table I . It can be observed that at the center operating frequency of the array, the ripple is below 2.0 dB up to mode 4, after which it increases rapidly. Similarly, the amplitude ripple increases very quickly away from the center frequency. The rms phase deviations follow a similar pattern.
D. Total Radiated Power of Modes Over Frequency
The TRP associated with each mode over frequency is examined next. The TRP relative to mode 0 is shown in Fig. 7 . Here, it can be seen that different modes radiate at different power levels over the band of frequencies. It is observed that modes up to four radiate most effectively (above 0.8) from 0.85 to 1.1 GHz.
E. Theoretical Ripple Factor (R m )
The theoretical ripple factor (R m ) for a circular directional modulation transmitter array was derived from the fundamental equations of mode patterns for 32 elements in [8] . By applying this theory, we derive the ripple factor for the 16-element MMCA shown in Fig. 2 . The ripple factor (R m ) is calculated as per the following equation [8] , where P m and Q m are the desired mode magnitude and the distortion magnitude, respectively. The ripple factor in decibel is plotted against mode order m for the 16-element MMCA, as shown in Fig. 8 R m = 20 × log 10 P
From the theoretical graphs plotted for the MMCA at 0.9 GHz, it is evident that the structure supports modes with ripple factor less than 1 dB for modes less than 5. With an increase in order number m, the distortion term increases, thereby resulting in increased R m .
From the various bandwidth analysis on the MMCA conducted in this section, results are obtained such as return loss ≤ 10 dB, amplitude ripple ≤ 2 dB, and TRP > 0.7; it can be concluded that modes up to ±4 can be used effectively and efficiently for modulation encoding over a band from 0.85 to 1.2 GHz. The encoding of these modes and the receiving methodology are discussed in Sections IV-VI.
IV. DATA ENCODING AND RECEIVER PATTERN CAPTURE
Next, we describe the process by which we encode each of the ±4 principle modes with orthogonal binary 8-bit W alsh (temporally orthogonal) coded BPSK signals. Mode 0 is used as a phase reference (can also be used to transmit data). One bit of which is imprinted onto each of the ±4 modes of the MMCA. BPSK modulation is performed by using the variable one-bit phase shifters shown in Fig. 1 , each connected to the corresponding bit of the parallel bit stream. The input to the BM (3) circuit ports is the BPSK signal, with its outputs connected to the 16-antenna array ports of the MMCA.
Using the approach described in [1] , the beam pattern is electronically scanned in the azimuth plane by using variable phase shifters shown in Fig. 1 . Here, we take advantage of MMCA symmetry, whereby we can scan a beam through a full 360 • without variations in gain and pattern shape [1] , [2] .
Here, the 8-bit data pattern encoded in parallel to modes ±4, applied to the BM input ports, is held, and the resultant MMCA pattern rotated through 360 • . This ensures that the receiver gets sight of the complete pattern for a given input data vector. The receiver can be located in the azimuth plane anywhere in the far field in an unobstructed link. Therefore, as a consequence of this application of data streams to individual modes, we create an azimuthally structured farfield radiation pattern that is uniquely defined by the mode summation and is imprinted with the signature of the data stream.
In order for a single distant receiver arbitrarily positioned at any azimuthal position to decode this imprinted data from the structure of the far-field patterns (see Section V), two things must occur. First, a phase reference has to be established. This is achieved by using mode 0 in Fig. 3 since it has a constant amplitude and phase over 360 • in azimuth.
For the purposes of BER simulation, complex AWGN is added to the transmitted azimuth pattern, and the resultant signal is then decoded using a correlation receiver [11] . The information now encoded onto the MMCA far-field patterns is demodulated at the receiver at different sampling rates. A correlation receiver principle based on the Fourier mode structure of the MMCA is used in the decoding algorithm [11] .
The decomposition of the far-field radiation pattern follows from (2) , where r k is the received field pattern that consists of both the information signal s m (t) and the noise signal n(t).This signal is now separated into its components by correlating with the respective mode component f k (t) as given in (6) 
The resulting function is then integrated over the azimuth angle t to obtain a value that represents the equivalent of corresponding data bit. These demodulated data (7) are then decoded by passing through maximum likelihood (ML) detector [11] . The input 8-bit data patterns are varied randomly, and the corresponding BER is evaluated for different signalto-noise ratios (SNR) and receiver spatial pattern sampling V. MMCA PROTOTYPE Using the experimental arrangement shown in Fig. 2 , the reflection coefficient of all the 16 dipoles was found to be almost identical; a sample dipole |S 11 | is shown in Fig. 9 . The reflection coefficient is below −10 dB in the frequency band from 0.8 to 0.93 GHz. The measured mutual coupling |S 21 | between the nearest elements in all cases was less than 18 dB. The far-field active patterns [1] of each dipole were measured in an anechoic chamber. Virtually identical far-field patterns were obtained for every element of the array, as shown in Fig. 10 .
The far-field patterns for all Walsh code inputs are evaluated from the measured dipole patterns. Examples of the measured amplitude, after normalization, for an input Walsh codes 0000-0000 and 0101-0101, is shown in Fig. 11(a) and (b) , respectively, and compared with those obtained using theoretical cosine dipole pattern distributions. Equivalent comparisons exist for all possible Walsh codes.
VI. SIMULATED BER RESULTS
Using the MMCA active patterns, Fig. 12 shows the computed BER versus SNR curve after both amplitude and phase noise is accounted for. The spatial distance between the samples in degrees or the sampling interval is given by Ds, e.g., Ds = 30, means that the pattern is sampled at every 30 • , i.e., 12 samples per composite pattern revolution. In this case, the BER of the system is close to that of a conventional BPSK system as evident from the BER graph (see dashed black curve in Fig. 12) . Oversampling improves the BER recovery statistics, whereas undersampling leads to performance degradation. Taking mode 0 as phase reference simplifies data acquisition since the receiver can be placed at any arbitrary range with respect to the MMCA. It is noted that better BER can be achieved with higher sampling rates at the expense of lower data throughput rates due to the time needed to scan the entire pattern through 360 • .
VII. CONCLUSION
We have shown that it is possible to use an MMCA in order to transmit orthogonal data streams comprising parallel data words by direct modulation of the MMCA current modes. This is achieved by spatially encoding the data into the entire farfield structure of the transmitted radiated pattern. In order for a classical receiver to decode the transmitted data, it is necessary for it to accumulate the radiated far-field pattern and then apply simple Fourier mode deconstruction. Using the active patterns measured for a 16-element MMCA, it was shown that with appropriate sampling of the far-field pattern radiated by the MMCA, encoded data can be recovered with low BER even at moderate SNRs. The suggested approach offers the possibility for a new type of wireless transmission system, wherein an additional element of physical layer security is added through entire pattern interrogation. Such a system may find application in, for example, a secure line-of-sight pointto-point communication link.
